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The invasion and subsequent flow of a nonwetting fluid �NWF� in a three-dimensional, unconsolidated
porous medium saturated with a wetting fluid of higher density and viscosity have been studied experimentally
using a light-transmission technique. Distinct dynamic regimes have been found for different relative magni-
tudes of viscous, capillary, and gravity forces. It is shown that the ratio of viscous and hydrostatic pressure
gradients can be used as a relevant dimensionless number K for the characterization of the different flow
regimes. For low values of K, the invasion is characterized by the migration and fragmentation of isolated
clusters of the NWF resulting from the prevalence of gravity and capillary forces. At high values of K, the
dominance of viscous and gravity forces leads to an anisotropic fingerlike invasion. When the invasion stops
after the breakthrough of the NWF at the open upper boundary, the invasion structure retracts under the
influence of gravity and transforms into stable vertical channels. It is shown that the stability of these channels
is the result of a balance between hydrostatic and viscous pressure gradients.
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I. INTRODUCTION

Immiscible two-phase flow in porous media is an active
field of research due to its large number of applications, like,
e.g., in the areas of petroleum engineering �enhanced oil re-
covery�, chemical engineering �gas-liquid flow in packed
columns�, hydrology �spread and fate of contaminants�, or
marine science �migration and escape of gas in permeable
sediments�. The field further received considerable attention
from theoretical physicists since the observed phenomena
were found to be manifestations of various theoretical con-
cepts such as fractals �1�, percolation �2�, kinetic roughening
�3�, self-organized criticality �4�, and quenched disorder �5�.
In the following we summarize the main concepts relevant to
our work. For a more comprehensive review of the numerous
experimental, numerical, and theoretical studies see �6,7�.

The dynamics of the interface between two immiscible
fluids in a porous medium is governed by the interplay be-
tween capillary, viscous, and gravity forces. Consequently,
the phenomena are aptly described by a set of dimensionless
numbers representing the relative magnitude of these forces
at the pore scale. A common choice is the combination of the
bond number Bo and the capillary number Ca. The former is
defined as the ratio of gravity and capillary forces

Bo =
��gd2

�
, �1�

where ��=�1−�2 is the difference of fluid densities, g is the
acceleration of gravity, d is the pore diameter, and � is the
interfacial tension. The indices 1 and 2 denote the invading
and defending fluid, respectively. The capillary number

Ca =
v�

�
�2�

represents the relation of viscous to capillary forces, where v
is a characteristic velocity and � is the dynamic viscosity of
the more viscous fluid. Consideration of the viscosity ratio
M =�1 /�2 is necessary when viscous forces play a role in
both fluids. Viscous forces can either stabilize �M �1� or
destabilize �M �1� the interface. Similarly, the relative ar-
rangement of two fluids with different densities can lead to
stabilization �Bo�0� or destabilization �Bo�0�.

The present study investigates the combination of viscous
�M �1� and density �Bo�0� instabilities in a three-
dimensional unconsolidated porous medium. A nonwetting
fluid �NWF� invading at the bottom of the medium is less
dense and less viscous than the displaced wetting fluid �WF�.

In the absence of gravity �Bo=0�, the prevalence of cap-
illary forces at small Ca leads to a process known as capil-
lary fingering �CF�. When viscous forces dominate at high
Ca, the displacement pattern is characterized by an instability
referred to as viscous fingering �VF�. The patterns of both
CF and VF have been reproduced numerically with the algo-
rithms of invasion percolation �IP� and diffusion-limited ag-
gregation �DLA�, respectively. The characterization of CF-IP
and VF-DLA in terms of their fractal dimension has been
accomplished numerically and experimentally and through
theoretical scaling arguments �6�.

Most practical issues involve three-dimensional systems
with fluids of different density and therefore require the ef-
fect of gravity to be taken into account. In the stabilizing
configuration �Bo�0�, where the less dense fluid invades
from the top, gravity reduces the vertical extension of the
interface. It can thereby counteract or prevent the VF insta-
bility �8,9�. Experimental and numerical studies of the desta-
bilizing configuration �Bo�0� have shown a vertical growth
of the interface in the form of single branches or fingers
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similar to the VF instability �10,11�. The analysis of these
branches has confirmed the scaling of a characteristic length
scale 	, as a measure of their transverse width, according to
the power law 	
 �Bo�−0.47 predicted from percolation theory
�12�. A second characteristic length is the vertical distance h
where the hydrostatic pressure difference equals the capillary
pressure, h= �Bo�−1d. If the vertical extension of a NWF clus-
ter exceeds h, it can independently migrate upwards. Such
migration processes, which often coincide with fragmenta-
tion �snapoff� of the NWF, have been studied by �10,13,14�.

While these processes of slow drainage, governed by the
combination of capillary and destabilizing gravity forces,
have been rather well investigated, hardly any information is
available for the case when the additional viscous instability
becomes important for higher Ca. Furthermore, most of the
previous studies merely aim at the invasion process of the
NWF—i.e., its dynamics until breakthrough at the boundary
of the porous medium. The subsequent flow through the po-
rous medium, which is important for practical issues such as
the flow of hydrocarbons through oil reservoirs or the seep-
age of gas through marine sediments, has received little at-
tention.

In the present work the combination of viscous and den-
sity instabilities is studied experimentally. Distinct dynamic
regimes are observed over a range of values for Ca. A fun-
damental transition in the behavior after breakthrough at the
boundary has been found. It is shown that the ratio of vis-
cous and hydrostatic pressure gradients is a relevant dimen-
sionless number for the characterization of the observed phe-
nomena.

After the description of the experimental setup in Sec. II,
the presentation and discussion of the results are divided into
two parts. Section III deals with the invasion of the NWF
until breakthrough at the upper boundary. The fundamental
changes in the dynamics of the NWF at breakthrough and the
phenomenology of the subsequent flow through the porous
medium are the subject of Sec. IV. A summary and conclu-
sions are given in Sec. V.

II. EXPERIMENTAL METHOD

A light-transmission technique as sketched in Fig. 1 was
employed to visualize the distribution of a NWF inside a
three-dimensional porous medium. The porous medium is
contained in a transparent box with a square base of 96
�96 mm2 inner dimensions. The height of the porous me-
dium is H=13 cm. Air as a NWF is injected at different flow
rates Q through a nozzle �2 mm inner diameter� at the center

of the base. This geometry was chosen in order to prevent the
NWF from reaching the side walls. The injection was driven
by a pump which delivered a constant pressure of p
=140 mbar. The flow rate was measured and controlled by a
rotameter with an integrated valve. Due to changes in per-
meability of the porous medium during invasion, the pres-
sure at the nozzle and accordingly the air injection rate fluc-
tuate during an experiment. From measurements of the
pressure fluctuations at the nozzle ��p�10 mbar�, the fluc-
tuations of air injection were estimated to be below 10%.

A sheet of white paper, attached on one side of the box, is
illuminated by a 20-W halogen lamp at a distance of 50 cm.
From the opposite side, a charge-coupled-device �CCD�
camera records the two-dimensional �2D� projection of the
3D air distribution, which reveals itself by its shadow as
shown, e.g., in Fig. 2. An image sequence with a framerate of
10 fps and a resolution of 640�384 pixels is continuously
transferred to a PC and stored on its harddisc.

The preparation of a both saturated and rigid 3D porous
medium is an experimental challenge. While the rigidity can
be attained, e.g., by sintering of packed glass beads, com-
plete saturation of the medium is then hard to realize. In the
present work, an unconsolidated packing of glass beads with
sizes in the range of 0.5–2 mm has been used. Here com-
plete saturation can be easily attained by pouring the loose
packing into the box filled with liquid and stirring the mix-
ture so that all trapped gas can escape. During the experi-

FIG. 1. Setup of the light-transmission technique used for the
visualization of gas inside a porous medium.

FIG. 2. Distribution of gas in the porous medium directly before
�a�,�b� and �t=1.5 s after �c�,�d� breakthrough at the upper bound-
ary. For the flow rate Q=5 ml/min �a�,�c�, the dynamics is charac-
terized by a continual migration of isolated gas clusters, eventually
leading to the formation of a cone-shaped area of trapped bubbles
as shown in Fig. 6�a�. For Q=62 ml/min, the invading gas forms an
entirely connected, fingerlike structure until breakthrough �b�. Then
it retracts �d� and transforms into a single stable channel �Fig. 6�b��.
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ments, the open top of the medium is overlaid by a 3-cm
layer of the WF. Although the packing has been thoroughly
compressed before each experiment using a perforated plate,
the displacement of individual grains in consequence of
forces exerted by the fluids cannot be totally precluded.

A prerequisite for this method to work is that the porous
medium, when it is saturated with the WF, behave optically
homogeneous. As in previous studies like, e.g., �10,15�, this
was achieved by the use of transparent solids and liquids
with the same index of refraction, n. The porous matrix is
made of randomly packed grains of broken glass �Boroclear,
n=1.472�. The WF is a mixture of two Dow Corning silicone
oils: namely, DC 550 �n=1.49� and DC 556 �n=1.46�. The
mixing ratio is adjusted so that the mixture matches the re-
fractive index of Boroclear. It has then a density of �
=1010 kg/m3, a viscosity of �=52�10−3 Pa s, and a sur-
face tension of �=20�10−3 N/m.

Generally, the refractive indices of two materials can be
matched at only one wavelength. In a system composed of a
granular material and a liquid only the light with this wave-
length propagates straightly, while for other parts of the spec-
trum the paths become more and more distorted with grow-
ing distance from the matched wavelength �. Here the
refractive indices were matched at �=650 nm using a spec-
trophotometer as described by �15� and an interference
bandpass filter with a transmission range of 610
nm���690 nm is used to restrict the imaging to the spec-
tral range with minimal distortion.

With an estimated pore diameter of d=0.5 mm and �air
=1.225 kg/m3, the value of the bond number �1� is Bo=
−0.12 for all experiments. Using �air=1.8�10−5 Pa s, the
viscosity ratio is M =3.5�10−4. The definition of the capil-
lary number Ca according to �2� is ambiguous because the
velocity v varies in space and time. For the actual calculation
of Ca from experiments several specific definitions have
been used in the literature �see, e.g., �16,17,10��. For the
discussion of the invasion process in Sec. III, we provide the
ranges of Ca based on the mean upward velocity of the upper
tip of the invading gas. The discussion of the subsequent
flow of gas through the porous medium will make clear that
the value of Ca is then no longer significant, and therefore a
new appropriate dimensionless number K will be defined in
Sec. IV.

The obtained images are first subject to a number of pre-
processing transformations in order to separate the structure
of the distributed gas from the background. The image data
further allow for a rough estimation of the total content of
gas in the flow cell. Since the gas reduces the transmissivity
of the medium and appears in the images g�x ,y , t� as its
�darker� shadow, the difference of the sums of gray values,

G�t� = �
x=1

384

�
y=1

640

g�x,y,t = 0� − �
x=1

384

�
y=1

640

g�x,y,t� , �3�

is a proxy for the total amount of gas. However, due to the
overlapping in the 2D projection, an exact quantitative rela-
tion cannot be made.

III. INVASION

A series of 31 experiments has been performed where air
as a NWF was injected with different flow rates at the bot-
tom of the saturated porous medium and the dynamics of the
NWF has been visualized as described in Sec. II. The flow
rates covered a range of 3�Q�186 ml/min corresponding
to 0.01�Ca�0.11. This section discusses the invasion of
the gas—i.e., its dynamics before breakthrough at the upper
boundary. Depending on the flow rate, the observed phenom-
enologies can be divided into two distinct regimes, as de-
scribed in the following.

A. Isolated clusters

For flow rates lower than Q=30 ml/min �Ca�0.06�, the
spatial structure of gas before breakthrough is characterized
by a distributed set of isolated clusters. A representative ex-
ample is shown in Fig. 2�a�. The structures evolved from
repeated fragmentation and migration processes. When the
injected cluster at the inlet has reached a certain vertical
extension h, the effect of buoyancy exceeds the pinning cap-
illary forces and the cluster begins to move upward indepen-
dently. The comparison of the hydrostatic pressure drop
��gh with the capillary pressure 2� /d leads to an estimate
for h which is inversely proportional to the bond number,
h��Bo�−1d. For the present experiments this is equivalent to
a height of a few millimeters. The migrating cluster may
further break up into fragments until it eventually stops or
escapes at the upper boundary.

Fragmentation, migration, and coalescence of NWF clus-
ters have been studied extensively for 2D systems both ex-
perimentally and numerically �13,14,17–19�. In the present
3D experiments, additional buoyancy-affected phenomena
have been observed which we term “blocking” and “circum-
vention”: As is outlined in Fig. 3, a cluster may fragment
during migration, and the remaining lower part will then get
trapped preferably in a larger pore. If then another cluster
arrives from below, it may be more favorable that it circum-
vents the trapped cluster rather than remobilizing it. A coa-
lescence of the two clusters can be inhibited if the WF be-
tween the NWF clusters is isolated from the bulk of the WF
as sketched in Fig. 3�d�. Through these mechanisms the

FIG. 3. Mechanisms of buoyancy-driven migration of isolated
gas clusters. During upward migration �a�, the cluster can break up
into fragments, which partly become trapped �b�. The trapped
bubbles can block the respective pore and thereby force following
clusters coming from below to circumvent this pore �c�. The re-
peated occurrence of these processes leads to the cone-shaped area
of trapped bubbles shown in Fig. 6�a�.
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trapped NWF cluster thus blocks the respective pore and
prevents clusters coming from below from following the
same path upward. Consequently the upward migrating clus-
ters follow different individual paths, and the repeated pro-
cesses of blocking and circumvention lead to the cone-
shaped distribution of trapped bubbles observed here and in
Sec. IV B.

The above findings are in some way contradictory to the
experimental results from 3D systems of �10�, who report on
coalescence of migrating clusters with trapped gas rather
than circumvention. Correspondingly they found straight
vertical configurations instead of the cone-shaped structures
described here. A potential explanation is the considerably
lower flow rate used in their experiments. If the isolated WF
has enough time to escape through film flow �14�, a coales-
cence and subsequent remobilization may be favored com-
pared to circumvention.

B. Connected fingerlike structures

For flow rates higher than Q=30 ml/min �Ca�0.06�, the
injected gas remains entirely connected until it escapes at the
upper boundary. An example of such a structure is shown in
Fig. 2�b�. The evolving structures are characterized by a hi-
erarchical arrangement of growing fingers. The initially lin-
ear increase in Fig. 4�b� indicates that the gas enters the
medium with a constant rate until breakthrough. The main
body evolves vertically from the inlet towards the upper
boundary. On all scales smaller fingers start growing laterally
with a preferably upward inclination.

The observed structures resemble in some way those of
VF processes. Experimental investigations of VF have to
preclude the influence of gravity and are therefore typically
limited to horizontal 2D systems. Few experiments and
simulations �8,9,20� have examined the stabilizing effect of
gravity �Bo�0� on CF and VF, whereas its destabilizing
effect �Bo�0� on VF is little documented.

Reference �16� investigated VF in 2D systems without
gravity for values of M �10−4 and 0.36�10−3�Ca�7.6
�10−3 �based on our definition of Ca in Sec. II�. They ob-
served qualitatively similar, treelike patterns and found that
the growth of the structure is limited to an active zone in the
vicinity of the most advanced finger. The analysis of the
present experiments, as exemplarily shown in Fig. 5, reveals
the additional influence of gravity in a destabilizing configu-
ration: the growth is likewise confined to the uppermost fin-
gers, but in addition a withdrawal of the NWF takes place in
the lower area. This can be readily explained by the elevated
hydrostatic pressure of the WF, which leads to a reduced
capillary pressure pc= pNWF− pWF and therefore to the imbi-
bition of the WF at the bottom.

IV. FLOW THROUGH THE POROUS MEDIUM

After the characterization of the invasion processes in the
previous section, the following discussions deal with the
flow of the NWF through the porous medium—i.e., its dy-
namics after breakthrough at the upper boundary. Most stud-
ies on the dynamics of NWF aim at the characterization of

invasion processes. A few publications deal with the subse-
quent flow through a porous medium, like the advection
through a percolation structure resulting, e.g., from CF
�21–24�. In this case, only a small subset of the NWF, the
so-called percolation backbone, contributes to the flow
across the sample. For the present experiments, fundamen-
tally differing behaviors have been observed mainly due to
the additional influence of gravity.

The experiments described in the previous section have
been continued with the same constant flow rates until an

FIG. 4. Temporal evolution of total gas content G�t� �Eq. �3��
for three experiments with Q=5, 62, and 123 ml/min, representing
the regimes of cluster migration, single-channel flow, and mixed
cluster and channel flow as shown in Fig. 6. �a� Full temporal range
t=0–1000 s. �b� Initial behavior t=0–40 s. �c� Asymptotic behav-
ior t=900–1000 s.
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asymptotic behavior has been reached. The asymptotic dis-
tributions of gas for three different flow rates shown in Fig. 6
reveal the presence of distinct flow regimes for the respective
flow rates.

In the following it will turn out that the capillary number
�2� is no longer an appropriate quantity for the characteriza-
tion of the observed patterns. Instead, the present phenomena
are adequately represented by the combination of Bo with a
new dimensionless number K, which represents the ratio of
viscous and hydrostatic pressure gradients. On this basis, the
phenomena can essentially be classified into two regimes: for
K�1 the flow is predominantly localized in channels, and
for K�1 the flow is characterized by the migration of iso-
lated clusters. The mechanisms and features of these regimes
will be discussed in the following subsections.

A. Channel flow

When the invasion of the connected fingerlike structures
�see Sec. III B� reaches the upper boundary of the porous
medium, the flow inside the connected NWF changes funda-
mentally. Whereas the velocities are perpendicular to the
NWF-WF interface during the invasion, the perpendicular
velocity components at the interface become zero for the
flow through a stationary NWF distribution. In contrast to
studies of the flow through percolation clusters, where it is
implicitly assumed that the NWF distribution immediately
becomes stationary at breakthrough �21–24�, the connected
NWF in the present configuration retracts after breakthrough
due to the effect of hydrostatic pressure in the WF. The pro-
cess of retraction is exemplified by the sequence of images
shown in Figs. 2�b�, 2�d�, and 6�b� for an experiment with
Q=62 ml/min. The asymptotic gas distribution in Fig. 6�b�
shows that the fingerlike structure in Fig. 2�b� has essentially
transformed into a single flow channel plus some residual
trapped bubbles. This transition can also be identified from
the temporal evolution of total gas content G�t� plotted in
Fig. 4. After the linear increase during invasion until break-
through at t=3.6 s, the retraction is reflected by a decreasing
gas content. This is followed by some temporary fluctua-
tions, and finally a constant gas content is reached �Figs. 4�b�
and 4�c�� which indicates the formation of a stable channel.

The stability of this final configuration can be explained
by the balance between hydrostatic pressures in the fluids
and the viscous pressure in the gas channel as illustrated in
Fig. 7 and discussed in the following.

The pressure of gas �NWF� in a vertical channel across
the porous medium grows with depth as a result of both
viscous and gravity forces,

pNWF�y� = ��pv + �airg��H − y� +
2�

d
. �4�

As a boundary condition the pressure at the upper boundary
pNWF�y=H� is equated to the capillary pressure pc given by

FIG. 5. Invasion of a fingerlike structure of gas �dark gray� for
Q=62 ml/min. The picture has been compiled from two consecu-
tive images separated by �t=0.3 s. While the growth �light gray� is
limited to the vicinity of the most advanced finger, the gas retracts
�black� at the bottom due to the effect of hydrostatic pressure.

FIG. 6. Asymptotic distributions of gas after t=500 s for three experiments with different flow rates. �a� For Q=5 ml/min �K�1�, the
repeated fragmentation and trapping of isolated clusters gradually form a cone-shaped area of trapped bubbles. �b� For Q=62 ml/min �K
=1�, the balance of hydrostatic and viscous pressure results in the flow through a stable vertical channel �indicated by white arrows�.
Additionally some remnants of the fingerlike invasion structure �Fig. 2�b�� are visible. �c� The dynamics for Q=123 ml/min �K�1� is
characterized by a combination of a stable channel and migrating clusters leaking out from the lower part of the channel.
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Laplace’s equation pc=2� /d. For the present range of Rey-
nolds number Re=4Q�air /
d�air, 8�Re�540 �for d
=0.5 mm�, the viscous pressure gradient �pv can be calcu-
lated from the law of Hagen and Poiseuille,

�pv =
128Q�air


d4 . �5�

The pressure of the stagnant liquid �WF� in the porous
medium grows with depth according to the hydrostatic pres-
sure gradient,

pWF�y� = �oilg�H − y� . �6�

Here the pressure is assumed to be zero at the upper bound-
ary, pWF�y=H�=0.

The condition for the stability of the channel is now that
the pressure difference between gas and liquid, pNWF− pWF
= pc=2� /d, is constant over depth. This is the case if the
hydrostatic pressure gradient �pg=��g ���=�oil−�air� is
equal to the viscous pressure gradient �pv,

�pv=! � pg. �7�

This is the basis for the definition of the dimensionless num-
ber K,

K =
�pv

�pg
=

128Q�air


d4��g
. �8�

The requirement for the stability of the channel is then

K=! 1.
For the present experiments, the hydrostatic pressure gra-

dient is �pg=��g=9810 kg/ms2. In these experiments the
formation of stable channels occurs for flow rates Q
�30 ml/min. With that the requirement �7� leads to a value
for the channel diameter of d�0.44 mm, which is reason-
able for the given grain size distribution. A sketch of the
corresponding pressure distributions is shown in Fig. 7. In
practice the requirement �7� is not particularly strict, since
the curvature of the NWF-WF interface and accordingly the
capillary pressure can adapt over a certain range as shown in
Fig. 8. If the pressure in the gas channel increases, the chan-
nel extents laterally, and the viscous pressure gradient de-
creases due to the larger channel cross section. Since �pv
scales with d−4 according to Eq. �5�, even a small increase of
the channel diameter—say, by a factor of 1.3—leads to a
considerable drop of the viscous pressure gradient by a factor
of 3. This can explain that the formation of single channels
�K=1� has been observed over a wide range of flow rates
30 ml/min�Q�100 ml/min �corresponding to 0.44 mm
�d�0.59 mm�.

When the flow rate falls below Q=30 ml/min �K�1�, the
excess of hydrostatic pressure in the WF leads to an imbibi-
tion and consequently to a breakup of the NWF channel.
This implies the transition to a different regime characterized
by the migration of isolated clusters as discussed in Secs.
III A and IV B.

On the other hand, when the flow rate increases beyond a
certain value, the excess pressure leads to a lateral escape of
gas from the channel. As discussed above, flow through a
single channel �K=1� is stable up to Q�100 ml/min. For an
even higher Q, the flow divides into a corresponding number
of channels. An approximately double flow rate �Q
=186 ml/min� leads therefore to the dual channel structure
�K=2� shown in Fig. 9�c�. Figure 9�b� shows a branched
channel �1�K�2� which formed for the intermediate flow

FIG. 7. Exemplary vertical distributions of hydrostatic and vis-
cous pressures for the flow of gas through a channel in the porous
medium. The viscous pressures are calculated for a channel diam-
eter of d=0.54 mm �with p= pc=2� /d at the upper boundary�. For
Q=10 ml/min �K�1� and Q=150 ml/min �K=2�, the difference
between hydrostatic and viscous pressure is too large and therefore
a single channel is not stable. For K�1, this leads to a breakup into
separated clusters, while for K=2, two separate channels form.
Similar to the single �Q=70 ml/min, K�1� and branched �Q
=120 ml/min, 1�K�2, branch at y=40 mm� channels, viscous
and hydrostatic pressures are then compatible and therefore the
channels are stable. Experimental manifestations of these phenom-
ena are shown in Figs. 6 and 9.

FIG. 8. Through the adaptability of the interface, the vertical
channel of gas remains stable within a certain range of flow rates.
The example shows an increase of the flow rate so that the capillary
pressure pc= pNWF− pWF increases by a factor of 2 �pNWF2− pWF

=2�pNWF1− pWF��. This leads to a double curvature for pNWF2 �light
gray� compared to pNWF1 �white�.
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rate Q=123 ml/min. These branched and divided channels
are then again compatible with the required pressure balance
as illustrated in Fig. 7. In some cases a mixed behavior—i.e.,
a combination of channel flow and cluster migration occurs
as shown in Fig. 6�c�. Here a constant leakage from the chan-
nel leads to a gradual formation of the cone-shaped area of
trapped gas. Therefore, the temporal evolution of G�t� plot-
ted in Fig. 4�b� shows the characteristic peak at breakthrough
�t=3.3 s�, but then G�t� gradually increases after break-
through rather than becoming constant.

The essential mechanism for the stability of the observed
channels is the local adaptability of the capillary forces as
illustrated in Fig. 8. This leads to a local stabilization against
minor fluctuations of channel diameter or flow rate. In a pure
liquid without a porous matrix, where this mechanism is ab-
sent, such channels are unstable because small disturbances
result in a breakup into bubbles. We have further made simi-
lar experiments with a more coarse-grained medium �d
�2.5 mm, Bo�−3�. In this case it is impossible to repro-
duce any stable channel, and the gas always migrates in the
form of isolated clusters. This makes sense because for
�Bo��1 gravity dominates over capillary forces even on the
pore scale.

B. Cluster migration

As discussed above, for K�1 �Q�30 ml/min�, the flow
through a channel cannot be stable, and consequently the gas
migrates upward through the porous medium in the form of
isolated clusters. The comparison of the gas distributions in
Figs. 2�a� and 2�c� indicates that this regime does not feature
a pronounced breakthrough associated with an abrupt retrac-
tion of gas. Therefore, the temporal evolution of G�t� shown
in Figs. 4�a� and 4�b� does not involve a distinct peak, but a
slow gradual increase towards an asymptotic maximum. This
increase is caused by the repeated processes of fragmenta-
tion, trapping, blocking, and circumvention which have al-
ready been discussed in Sec. III A. More and more trapped
gas accumulates with time in a cone-shaped area of the po-

rous medium. Figure 6�a� exemplarily shows the distribution
of gas at t=5000 s for the experiment with Q=5 ml/min.

The temporal increase of G�t� towards the asymptotic
maximum plotted in Fig. 4�a� is not continuous but rather
characterized by a steplike progression. This indicates that
the cone-shaped area is not formed by the sequential drain-
age of individual pores, but by invasions of larger volumes
as a whole, like, e.g., through the trapping of a migrating
cluster. The phenomenon that invasion is not continuous but
stepwise is a typical feature of drainage in porous media.
Qualitatively similar behaviors have been reported previ-
ously in the literature for the process of slow-drainage 2D
porous media �25–28�, where the steplike invasions are com-
monly referred to as “Haines jumps.”

Compared to the channel flow regime, the cluster migra-
tion is unstable in the sense that the paths of the upward
moving gas permanently change. The asymptotic behavior,
which is reached after a certain time, is equivalent to an
equilibrium between trapping and remobilization of migrat-
ing clusters. The resulting fluctuations of G�t� in this
asymptotic regime �shown in Fig. 4�c�� are significantly
stronger than those for the channel flow regime.

V. SUMMARY AND CONCLUSIONS

The flow of gas in a 3D unconsolidated porous medium
under the combined effects of gravity, viscous, and capillary
forces has been visualized using a light-transmission tech-
nique. The experiments have been characterized by a dimen-
sionless number K, which represents the ratio of viscous and
hydrostatic pressure gradients.

For low flow rates corresponding to K�1, the dynamics
of gas is characterized by the migration of isolated clusters.
The processes of fragmentation, trapping, blocking, and cir-
cumvention lead to a gradual formation of a cone-shaped
area of trapped bubbles.

For high flow rates �K�1�, the gas invades the medium
in the form of entirely connected structures which bear re-
semblance to patterns known from viscous fingering in 2D

FIG. 9. Channel geometries for different gas flow rates. �a� Single channel for Q=77 ml/min �K=1�. �b� Branched channel for Q
=123 ml/min �1�K�2�. �c� Dual channel for Q=186 ml/min �K=2�. The flow paths of the stable channels are indicated by arrows.
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systems. The influence of hydrostatic pressure leads to si-
multaneous growth around the advancing tip and retraction
at the bottom.

Directly after breakthrough at the upper boundary, the fin-
gerlike invasion structure retracts under the influence of
gravity and transforms into stable vertical channels. Steady
flow of gas across the porous medium is then maintained
through these channels. Depending on the value of K, differ-
ent channel geometries evolve. It has been shown that the
stability of these channels is the result of a balance between
hydrostatic and viscous pressure gradients combined with the
stabilizing effect of capillary forces.

The results demonstrate the essential influence of gravity
for the dynamics of two-phase flow in 3D unconsolidated
porous media. The findings are important for several applied
issues since these conditions are present in most practical
applications, like the injection of air into oil reservoirs for
enhanced recovery or the migration of hydrocarbons in ma-
rine sediments.
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